WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




PCX 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 7 : 
HOIS 3/10 



Al 



(11) International Publication Number: 
(43) International Publication Date: 



WO 00/49689 

24 August 2000 (24.08.00) 



(21) International Application Number: PCTyUSOO/04196 

(22) International Filing Date: 18 February 2000 (18.02.00) 



(30) Priority Data: 






60/120,780 


19 February 1999 (19.02.99) 


US 


09/342,342 


29 June 1999 (29.06.99) 


US 


60/152.042 


2 September 1999 (02.09.99) 


US 


09/418,950 


15 October 1999 (15.10.99) 


US 


PCT/US99/24137 


15 October 1999 (15.10,99) 


us 



(71) Applicant {for all designated States except US): NEW FOCUS, 

INC. [US/USj; 2630 Walsh Avenue, Santa Clara, CA 
95051-0905 (US). 

(72) Inventors; and 

(75) Inventors/Applicants (for US only): ZORABEDIAN, Paul 
[US/US]; 2441 Benjamin Drive. Mountain View. CA 94043 
(US). CHAPMAN. William, B. [US/US]; 421 S. Pastoria 
Avenue, Sunnyvale, CA 94086 (US). GREEN, Evan, D., 
H. [US/US]; 766 Coffeewood Court, San Jose, CA 95120 
(US), JENQ, Michael, Y. [US/US]; 18339 Clemson Avenue, 
Saratoga, CA 95070 (US). 

(74) Agent: CARY, Charles, C; Cary & Kelly. LLP, 1875 
Charleston Road, Mountain View, CA 94043 (US). 



(81) Designated States: AE, AL, AM, AT, AU, AZ, BA. BB, BG. 
BR, BY, CA, CH, CN, CR, CU. CZ, DE, DK. DM. EE, 
ES, FI. GB, GD, GE, GH, GM, HR. HU, ID, IL, IN, IS, JP, 
KE, KG. KP, KR. KZ, LC. LK. LR, LS, LT, LU, LV, MA. 
MD, MG, MK, MN. MW, MX, NO. NZ, PL. PT, RO. RU. 
SD, SE, SG, SI, SK, SL, TJ. TM, TR, TT. TZ, UA, Uoi 
US, UZ, VN, YU, ZA, ZW, ARIPO patent (GH, GM, KE, 
LS, MW, SD. SL, SZ, TZ. UG. ZW). Eurasian patent (AM, 
AZ, BY, KG, KZ, MD, RU. TJ, TM), European patent (AT, 
BE. CH. CY, DE, DK. ES. FI, FR, GB, GR, IE, IT. LU, 
MC. NL. PT. SE). OAPI patent (BF, BJ. CF. CG, CI. CM, 
GA, GN. GW, ML, MR, NE, SN, TD, TG). 



Published 

With international search report. 
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(57) Abstract 

The present invention 
provides a continuously 
tunable external cavity laser 
ECL with a compact form 
factor and precise tuning to 
a selected center wavelength 
of a selected wavelength 
grid. The ECL may thus 
be utilized in telecom 
applications to generate the 
center wavelengths for any 
channel on the ITU or other 
optical grid. The ECL does 
not require a closed loop 
feedback, A novel tuning 
mechanism is disclosed 
which provides for electrical 
or mechanical hining to a 
known position or electrical 
parameter, e.g., voltage, 
current, or capacitance, with 
the required precision in the 
selected center wavelength 
arising as a result of a 
novel arrangement of a grid 
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generator (226) and a channel selector (262). The grid generator (226) exhibits first pass bands which correspond to the spacing between 
the mdividual channels of the selected wavelength grid and a fineness which suppresses side band modes of the laser. The channel selector 
(262) exhibits second pass bands that are wider than the first pass bands. In an embodiment of the invention the second pass bands have a 
periodicity substantially coiresponding with the separation between the shortest wavelength channel and the longest wavelength channel of 
the selected wavelength grid and a finesse which suppresses channels adjacent to the selected channel. The broad second pass bands of 
the channel selector reduce the sensitivity of the ECL to tuning variations about the selected channel, thus avoiding the requirement of a 
closed loop feedback system to contn^l the channel selector (262). 
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TUNABLE LASER TRANSMITTER WITH INTERNAL 
WAVELENGTH GRID GENERATORS 

CROSS REFERENCE TO RELATED APPLICATIONS 

This application is a continuation-in-part of co-pending International Application No, 
09/418,950 (Atty. Docket No. NFCIPOOIXI) filed October 15, 1999 entitled 
"CONTINUOUSLY TUNABLE EXTERNAL CAVITY LASER" by inventors Paul 
Zorabedian, William B. Chapman, and Michael Y. Jenq; a continuation-in-part of co-pending 
International Application No, 09/342,342 (Atty. Docket No. NFClPOOl) filed June 29, 1999 
entitled "CONTINUOUSLY TUNABLE EXTERNAL CAVITY LASER" by inventor Paul 
Zorabedian; and claims the benefit of prior filed International Provisional Application 
60/120,780 filed on February 19, 1999 entitled "VOICE-COIL-ACTUATED EXTERNAL- 
CAVITY DIODE LASER" by inventors Paul Zorabedian, William B. Chapman, and Michael 
Y. Jenq; and claims the benefit of International Provisional Application 60/152,042 (Atty. 
Docket No. NFC1P013P) filed on September 2, 1999 entitled "TUNABLE LASER 
TRANSMITTER WITH INTERNAL WAVELENGTH-GRID GENERATOR" by inventors 
Paul Zorabedian, William B. Chapman, Evan D.H. Green and Michael Y. Jenq. 

Each of the above-cited applications is incorporated herein by reference in its entirety. 

BACKGROUND OF THE INVENTION 

1. Field of Invention 

The invention pertains to wavelength-agile laser transmitters for wavelength-division- 
multiplexed (WDM) optical communications networks. More particularly, the invention 
pertains to laser transmitters with internal wavelength referencing that can be remotely 
switched to arbitrarily selectable channels on a standard grid, and to re-configurable optical 
communications networks. 

2. Description of the Related Art 

The telecommunications network serving the United States and the rest of the world is 
presently evolving from analog to digital transmission with ever increasing bandwidth 
requirements. Fiber optic cable has proved to be a valuable tool, replacing copper cable in 
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nearly every application from large trunks to subscriber distribution plants. Fiber optic cable is 
capable of carrying much more information than copper with lower attenuation. 

The T-1 standards committee ANSI has provided a draft document, "ANSI T1.105- 
1988", dated March 10, 1988, which sets forth specifications for rate and format of signals 
5 which are to be used in optical interfaces. The provided specifications detail the Synchronous 
Optical Network (SONET) standard. SONET defines a hierarchy of multiplexing levels and 
standard protocols which allow efficient use of the wide bandwidth of fiber optic cable, while 
providing a means to merge lower level DSO and DSl signals into a common medium. In 
essence, SONET established a uniform standardization transmission and signaling scheme, 
10 which provided a synchronous transmission format that is compatible with all current and 

anticipated signal hierarchies. Because of the nature of fiber optics, expansion of bandwidth is 
easily accomplished. 

Currently this expansion of bandwidth is being accomplished by what is knovra as 
"wavelength division multiplexing" (WDM), in which separate subscriber/data sessions may 

15 be handled concurrently on a single optic fiber by means of modulation of each of those 
subscriber datastreams on different portions of the light spectrum. Therefore, WDM is the 
optical equivalent of frequency division multiplexing (FDM). Current International 
Telecommunications Union (ITU) specifications call for channel separations of approximately 
0.4 imi, i.e., 50 GigaHertz. At this separation, as many as 128 channels may be carried by a 

20 single fiber in a bandwidth range within the same capacity of an erbium doped fiber amplifier 
(EDFA). Each subscriber datastream is optically modulated onto the output beam of a 
corresponding semiconductor laser. The modulated information from each of the 
semiconductor lasers is combined onto a single optic fiber for transmission. 

The lasers presently deployed are distributed-feedback (DFB) diode lasers. The 
25 wavelength grid is defined by the transmission peaks of a Fabry-Perot reference etalon. The 
technology for fabricating these etalons from glass or fused silica in large quantities at 
reasonable cost is well developed. Present transmitters use a combination of a DFB laser and a 
reference etalon in a feedback control loop. DFB lasers suffer fi-om the drawback that they, 
have small tuning ranges of - 3 nm (See, e.g., J. Carroll, J. Whiteaway, & D. Plumb, 
30 Distributed feedback semiconductor lasers , SPIE Press, 1998). A DFB laser's characteristics 
can only be approximately determined by design. In practice the center wavelengths are 
distributed across the grid span due to statistical variations in the manufacturing process. Thus 
each DFB laser transmitter must be individually sorted and is usable for only one channel or a 
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small number of adjacent channels. As a result, DFB laser transmitters cannot be assigned to 
arbitrary channels. 

On the other hand, WDM networks are evolving towards re-configurable architectures 
in which each transmitter's wavelength must be re-selectable by remote command. Re- 
5 configurable networks offer significant capacity, reliability, and management advantages over 
static systems (See, e.g., R. Raniaswami and K. Sivarajan, Optical Networks, A Practical 
Perspective , Morgan Kaufmann Publishers, 1998). 

Thus there exists a need for laser transmitters that can be arbitrarily switched to desired 
channel wavelengths within the wavelength grid of a WDM network. 

10 

SUMMARY OF THE INVENTION 

The present invention provides a tunable external cavity laser (ECL) with a compact 
form factor and precise tuning to any selected center wavelength of a predetermined 
wavelength grid. The ECL may thus be utilized in telecom applications to generate the center 

15 wavelengths for any channel on the ITU or other optical grid. The ECL does not require a 

closed loop feedback. A novel tuning mechanism is disclosed which provides for electrical or 
mechanical tuning to a known position or electrical parameter, e.g., voltage, current, 
capacitance, with the required precision in the selected center wavelength arising as a result of 
a novel arrangement of a grid generator and a channel selector. The grid generator exhibits 

20 first pass bands which correspond to the individual channels of a selected wavelength grid and 
a finesse which suppresses side modes of the laser. The channel selector exhibits second pass 
bands that are wider than the first pass bands. In an embodiment of the invention the second 
pass bands have a periodicity that at least substantially corresponds with the separation 
between the shortest wavelength channel and the longest wavelength channel of the selected 

25 wavelength grid and a finesse which suppresses channels adjacent to the selected channel. The 
broad second pass bands of the channel selector reduce the sensitivity of the ECL to tuning 
variations of the channel selector about the selected channel, thus avoiding the requirement of 
a closed loop feedback system of for example wavelength to control the channel selector. 

In an embodiment of the invention a tunable external cavity laser tunable to each 
30 selected center wavelength of a plurality of channels each centered on a corresponding gridline 
of a selected wavelength grid is disclosed. The tunable external cavity laser includes a gain 
medium, a grid generator and a channel selector. The gain medium to emit a beam. The grid 
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generator is located in an optical path of the beam, and the grid generator of a first selected 
optical path length determinative of a first free spectral range substantially corresponding to a 
spacing between adjacent gridlines of the selected wavelength grid. The channel selector is 
located in the optical path of the beam and the channel selector with a second free spectral 
5 range broader than the first free spectral range and a selected order of the channel selector 
tunable witliin the selected wavelength grid to tune the beam to a selected one of the plurality 
of channels of the wavelength grid. 

In an alternate embodiment of the invention the tunable external cavity laser includes 
the gain medium, a first filter and a tunable filter. The gain medium to emit a beam. The first 
10 filter is located in an optical path of the beam. The first filter exhibits first pass bands 

substantially corresponding to the channels of the selected wavelength grid. The tunable filter 
is located in the optical path of the beam. The tunable filter exhibits second pass bands broader 
than the first pass bands. A selected order of the tunable filter is tunable within the wavelength 
grid to tune the beam to a selected one of the plurality of channels of the wavelength grid. 

15 In an alternate embodiment of the invention a method for tuning a beam emitted by a 

gain medium to a corresponding center wavelength for each of a plurality of channels of a 
selected wavelength grid is disclosed. The method for tuning comprising the acts of: 

filtering the beam to provide feedback to the gain medium of a first periodic set of 
wavelengths substantially corresponding with the center wavelengths for each of the plurality 
20 of channels; and 

tuning the beam to provide feedback to the gain medium of a selected one of the center 
wavelengths of the first periodic set of wavelengths to tune the beam to the selected one of the 
plurality of channels. 



25 BRIEF DESCRIPTION OF THE DRAWINGS 

These and other features and advantages of the present invention will become more 
apparent to those skilled in the art from the following detailed description in conjunction with 
the appended drawings in which: 

FIG. 1 shows an embodiment of the invention in which an optical network is coupled to 
30 a plurality of data and voice subscriber lines by an optical mxix/demux utilizing external cavity 
lasers tunable to the center frequency of any of the wavelength division multiplexed channels 
on the optical network. 

4 
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FIG. 2 is an isometric view of a tunable external cavity laser according to the current 
invention. 

FIGS. 3-4 are top views of alternate embodiments of the external cavity laser shovwi in 

FIG. 2. 

5 FIG. 5 is a graph which shows the mode hopping of the external cavity laser shown in 

the accompanying FIGS. 

FIGS. 6A-C are graphs showing pass bands for the laser cavity, the grid generator, and 
the channel selector with respect to a selected channel grid. 

FIGS. 6D-F are graphs showing the gain for each of a plurality of channels on a WDM 
10 grid responsive to tuning of the external cavity laser. 



DETAILED DESCRIPTION OF THE EMDODIMENTS 

The present invention provides a tunable external cavity laser (ECL) with a compact 
form factor and precise tuning to any selected center wavelength of a selected wavelength grid. 

15 The ECL may thus be utilized in telecom applications to generate the center wavelength for 
any channel on the ITU or other optical grid. The ECL does not require a closed loop 
feedback. A novel tuning mechanism is disclosed which provides for electrical or mechanical 
tuning to a knovm position or electrical parameter, e.g., voltage, current, capacitance, with the 
required precision in the selected center wavelength arising as a result of a novel arrangement 

20 of a grid generator and a channel selector. The grid generator exhibits first pass bands which 
correspond to the individual channels of the selected wavelength grid and a finesse which 
suppresses side modes of the laser. The channel selector exhibits second pass bands that are 
wider than the first pass bands. In an embodiment of the invention the second pass bands have 
a periodicity that at least substantially corresponds with the separation between the shortest 

25 wavelength channel and the longest wavelength channel of the selected wavelength grid and a 
finesse which suppresses channels adjacent to the selected channel. The tuning mechanism 
does not require a closed loop feedback system, of for example wavelength, to control the 
channel selector. 

FIG. 1 shows an embodiment of the invention in which an optical network is coupled to 
30 a plurality of data and voice subscriber lines by an optical mux/demux utilizing ECL's tunable 
to the center frequency of any of the WDM channels on the optical network. An optical 
network 100, a central office or remote terminal 106, a data terminal 114 and voice terminal 
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FIGS. 2AB are isometric side and top views respectively of a tunable external cavity 
laser according to the current invention. The laser cavity is delimited by the partially reflecting 
rear facet 204 of the gain medium/laser amplifier 202 and by an external retroreflector 222. 
Tunable feedback to control the lasing wavelength is provided by the external cavity which is 
5 optically coupled to the anti-reflection (AR) side 206 of the gain medium. The effective 
reflectivity of the external cavity should be much greater than the residual reflectivity of the 
AR coated front facet so that the grid generator 226 and the channel selector, e.g., interference 
filter/etalon 262, can deliver sufficient feedback to put the laser in the "strong feedback" 
regime. The external cavity laser also includes lens system 264, actuator 244, tuner 260, base 
10 238, output coupling optics 270, and fiber optic 256. The laser amplifier 202 in the 

embodiment shown is a laser diode. The lens system 264 includes collimating or focusing 
lenses 208-210. The etalon includes first and second reflectors, 216-21 8. deposited on 
transparent substrates 220, 230 respectively. 

Structurally, the tunable laser is shown laid out along an optical path 200. Coupling 
15 optics 270 are positioned between the back facet 204 of the laser 202 and a fiber optic 256. 
The laser amplifier, in an embodiment of the invention, is a conventional Fabry-Perot laser 
diode. The front and rear facets 206-204 of the laser diode are aligned with the longitudinal 
axis 200. The front facet has an AR coating with a reflectivity of less than 0.5 %. The rear 
facet in this embodiment includes a partially reflecting dielectric coating. The proximal end of 
20 the external cavity is located at the front facet 206 of the laser diode. The distal end of the 
external cavity is defined by the retroreflector 222. The cavity itself extends from the rear 
facet of the gain medium to the retroreflector. 

Within the cavity, a channel selector 262, grid generator 226, and collimating or 
focusing lens pair 208-2 1 0 is mounted coaxially with the optical path 200. The collimating or 

25 focusing lens pair is mounted proximate the fi-ont facet 206 of the gain medium 202. These 
lenses collimate and focus rays from the laser diode 202 onto the grid generator 226. The rays 
are focused so that the waist portion of the beam, i.e., the portion in which wave fronts are 
substantially planar, intersects the grid generator 226 and the air gap portion of the channel 
selector 262. In an alternate embodiment of the invention a single lens could be utilized to 

30 accomplish both collimation and/or focusing. 

The grid generator operates as a filter, e.g., an interference filter with a thickness Lg 
and index of refraction ng chosen such that its loss spectrum comprises a multiplicity of 
minima within the communications band at wavelengths that coincide with the center 
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wavelengths of the selected wavelength grid. More generally the grid generator filter function 
results in a plurality of passbands centered on each of the gridlines of the selected wavelength 
grid. (See FIGS. 6A-F). The grid generator has a finesse that suppresses neighboring modes of 
the laser between each channel. In this embodiment of the invention the grid generator is an 

5 interference element, e.g., a parallel plate solid, liquid or gas spaced etalon. In an alternate 
embodiment of the invention the grid generator may be tuned by precise dimensioning its 
thickness. Alternately, the optical thickness of the grid generator may be varied by tilting or by 
precise temperature control. In another embodiment of the invention the grid generator is 
electro-optically active and is tuned by means of an applied electric field. The grid generator 

10 is dimensioned to have a free spectral range (FSRorid.Gen) corresponding to the spacing 

between gridlines of a selected wavelength grid, e.g., an ITU grid (See FIGS. 6A-F). In this 
embodiment of the invention the grid generator is fixed to the base 238.. 

The charmel selector 262 also operates as a filter, e.g., a Fabry-Perot filter an 
interference filter, etc., with constructive interference, that results in a plurality of passbands 

15 broader than those generated by the grid generator. In a preferred embodiment of the invention 
the plurality of passbands at least substantially corresponds to the separation between the 
longest wavelength channel and the shortest wavelength channel. In the preferred embodiment 
of the invention the second pass bands have a periodicity greater than or substantially equal to 
the separation between the shortest wavelength channel and the longest wavelength charmel of 

20 the selected wavelength grid and a finesse which suppresses channels adjacent to the selected 
channel. In an alternate embodiment of the invention the second pass bands have a periodicity 
corresponding with the gain bandwidth of the gain medium, e.g. a laser diode. 

In this embodiment the channel selector includes a gas etalon 262, The gas etalon 
includes opposing planar first and second reflectors 216-218 defining between them a wedge- 
25 shaped air gap. The reflectors may be formed by dielectrically coating the interior faces of the 
transmissive substrates 220,230 with a highly reflecting, e.g., R>90% dielectric layer. The 
channel selector is dimensioned to have a free spectral range (FSRchannetsciector) broader than 
that of the grid generator (FSRcrid.Gen) which is itself broader than the free spectral range of the 
cavity (FSRcavity) . 

30 The free spectral range, FSR, of an optical element varies inversely with the index of 

c 

refraction "n" of the element and the physical length "L" of the element, i.e. FSR = 

where c is the speed of light in a vacuum. Optical elements including diffiraction gratings may 

8 
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be defined in terms of their FSR. In FIG. 2B the physical lengths are shown for the grid 
generator, channel selector and cavity are shown. In the embodiment shown the channel 
selector is a wedge shaped etalon the length of which varies as the actuator moves it across the 
optical path. (See FIG. 2B and FIGS. 6A-F). In an embodiment of the invention, the FSR of 
5 the channel selector corresponds with the full wavelength range of the selected wavelength 
grid, e.g., an ITU grid (See FIGS. 6A-F). This results in a single loss-minimum within the 
communications band which can be tuned across the grid. The channel selector in this 
embodiment of the invention is movably coupled to the base 238 via a mounting block 242 and 
actuator 244. The combined feedback to the gain medium from the grid generator together 
10 v^th the channel selector supports lasing at the center wavelength of the selected channel and 
substantially attenuates all other chaimels (See FIGS. 6A-F). 

Channel selection is brought about by changes in the optical path length of the channel 
selector. This in turn may result from either or both a change in the index of refraction of the 
channel selector 262 of its thickness along the optical path. In the embodiment shown the 

15 changes result from the variations in the thickness of the channel selector along the optical path 
of beam 224. These in turn resuh from its wedge shape and the movement of that shape along 
path 290 across the optical path in response to actuator 244. In the retracted position 204, the 
beam traverses relatively thicker portions of the air gap etalon. In the extended position 206, 
the beam traverses a relatively thirmer portion of the air gap etalon. Thus, in the extended 

20 position of the etalon and corrective element, the etalon supports shorter wavelength channels 
at which constructive interference takes place between the reflective surfaces of the etalon. In 
the retracted position, the etalon supports longer wavelength channels. The required range of 
motion of the actuator 244 along path 290 may be in the centimeter range in practice. The FSR 
of the channel selector varies during tuning, but the variation is slight, e.g., less than +/- 1%. 

25 The tuning range of the channel selector is limited to a range around a selected order which 
falls within the wavelength grid. Across the tuning range, the FSR of the channel selector is 
broader than that of the grid selector. 

In this embodiment of the invention a mechanical actuator 244 is utilized to position the 
channel selector and to select a center frequency for the output beam corresponding with one 
30 of the selected channels on the wavelength grid. The tuner 260 provides the electrical impulse 
to control the expansion and contraction of the actuator along the path 290. Suitable actuators 
may deliver linear or arcuate displacement and include but are not limited to: stepper motors, 



9 
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DC servomotors, solenoids, voice-coils, ultrasonic motors, shape-memory actuators, piezo 
electrics, etc. 

The channel selector may be implemented with other optical elements including: 
diffraction elements, interference elements other than air gap etalons, and birefringent 

5 elements. The channel selector may be implemented as a wedge shaped solid or air gap etalon 
with an arcuate actuator (Not shown). The channel selector may be implemented with a 
parallel plate etalon with a rotary actuator to vary the angle at which it intersects the optical 
path (See FIG. 3). The channel selector may be implemented as an air gap etalon v^th a 
mechanically, thermally, electrically, or magnetically actuated gas-filled gap to vary either or 

10 both the refractive index or thickness of the gap (Not shown). The channel selector may be 
implemented as a Fabry-Perot etalon with an electro-optically tunable spacer medium, such as 
a liquid crystal. The channel selector may be implemented with a diffraction element and a 
rotary actuator to vary the angle at which the grating intersects the optical path (See FIG. 4). 
The FSR of the diffraction element, e.g. grating, is selected in the same manner as discussed 

15 above for the wedge shaped etalon. The channel selector may be implemented with a 

birefringent material, gas, liquid or crystal which provides a variable optical pathlength in 
response to a stimulus, electrical or mechanical. Examples of birefringents with electro-optic 
properties include Pockels and Kerr cells (Not shown). 

The tunable laser is controlled by a tuner 260 which couples to the actuator 244 and 
20 may additionally couple to the laser 202, to the grid generator 226. Additional connections 
between the tuner and environmental control elements within the device may be provided. 
These may be utilized to regulate the operating temperature of the device. The temperature 
control of the device may include individual temperature control of: the grid generator, the 
base 238, and the gain medium 202. Within the tuner 260, a processor 292 and memory 294 
25 are shown. The memory includes both program code as well as a lookup table 296. The 
lookup table may contain data or formula which correlate wavelength with position. In the 
embodiment shown, the lookup table may contain a formula or a plurality of records which 
correlate the center frequency of each channel with a specific tuning parameter of the 
mechanical, electrical or opto-electrical tuning device. Mechanical parameters include 
30 positions of the channel selector. Electrical parameters include current, voltage, capacitance, 
and inductance. Opto-electric parameters include birefringence. The parameters may be input 
for a group of similar devices or may be individually calibrated for each device, using a 
wavelength meter during assembly of the device. 



10 
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To calibrate an individual device the ECDL, the processor 292 sweeps the channel 
selector through the entire tuning range pausing at increments along the tuning range to allow 
the wavelength meter to correlate the measured wavelength with the center wavelengths of 
each channel. As each center wavelength is detected or interpolated, the tuning parameter 
5 corresponding with that parameter is measured as well. These correlations are then written to 
the memory 294 as individual records or as a formula from which individual records may be 
calibrated. With the wavelength information thus embedded in the assembled lasers on-board 
memory, the tunable laser is shipped with only the tuner 260 and without the wavelength 
meter. The absence of a closed loop feedback for tuning results in a reduced form factor cost 
10 and complexity in the subject instrument. 

The precision of the device and the absence of the requirement of a closed loop 
feedback to accurately tune the device result from the fact that the slope of the output with 
respect to the control parameter, e.g., electrical or mechanical, is substantially zero over a 
range Ax around each channel position and makes sharp transitions near the midpoints 
15 between adjacent channels (See FIGS. 6A-F). This feature relaxes the precision to which the 
control variable must be set to select any given channel and enables a simple, open^loop, 
"single-knob" control the transmitter. 

In an alternate embodiment of the invention the device may be fine tuned by logic 
which controls the temperature of any one or all of: the gain medium, the base, and the grid 

20 generator to maintain the accuracy of the selected center frequencies with those of the selected 
wavelength grid. The device may be fine-tuned by logic which senses the output of the laser 
and compares the output with a master reference etalon. This process generates a fine-tuning 
signal to the transmitter's internal temperature controller for the purpose of aligning the 
internal reference to the master. This process need not be conducted continuously but can be 

25 applied intermittently to correct for long term drifts due to thermistor aging or other factors. 

In FIG. 2A the output beam 250 is shown passing through the partially back facet of the 
retroreflector 222 while output beam 252 is shown passing through the partially reflective back 
facet 204 of the laser diode 202. In a typical device only one output beam, either 250 or 252 
would be available, with the other blocked by a highly reflective coating on the corresponding 
30 one of the retroreflector or the back facet of the laser diode. The coupling of an output beam, 
either 250 or 252 to an optic fiber is provided by an optical coupler. In FIG. 2B, an optical 
coupler 270 with lenses 272-274 and a feedback blocker 276, e.g. a non-reciprocal element, is 
shown coupling fiber optic 256 to output beam 252. In this embodiment the retroreflector is 
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fully reflective and the back facet 204 of the diode 202 is partially reflective, thus providing an 
output beam from the back facet. Tapping the output beam from the retroreflector back facet 
has the added benefit of providing lower source spontaneous emission since the output beam 
makes a complete pass through all optics in the system. 

In alternate embodiments of the invention tilting of either or both the grid generator and 
the channel selector may be implemented to reduce spurious feedback to the gain medium. In 
still other embodiments of the invention a one way filter system may be added to the cavity to 
further reduce spurious feedback to the gain medium. Such a system may employ quarter 
wave plates positioned between lenses 208-21 0 and between the chaimel selector 262 and the 
retroreflector 222. Since the output beam of the laser is polarized, the quarter wave plates 
block the return of light to the gain medium that has not made a dual pass through both the grid 
generator and channel selector. In either embodiment the close proximity of cavity lens, gain 
medium, output lens, isolator, fiber-launch lens, and fiber provides for integration of these 
components into a highly-stable opto-mechanical subsystem that can be hermetically sealed 
and plugged into the external cavity, thus enhancing tolerance to ambient temperature, shock, 
and vibration. 

In FIG. 3 an alternate embodiment of the external cavity laser 380 is shown. Tuning is 
provided by rotation of the channel selector 314 brought about by actuator 3 1 0 and rotary 
mount 312 to which the channel selector is coupled. The channel selector in this embodiment is 
a parallel plate etalon 314 with an FSRchanneLSeiector broader than that of the grid generator 
(FSRGrid_Gen)j which is itself broadcr than the free spectral range of the cavity (FSRcavity) (See 
FIGS. 2B and FIG, 6A-F). In an embodiment of the invention the FSR of the channel selector 
corresponds with the full wavelength range of the selected wavelength grid, e.g., an ITU grid 
(See FIGS. 6A-F). 

In FIG. 4, another embodiment of the external cavity tunable laser 480 is shown. The 
configuration of the components is the same as in the first preferred embodiment with the 
exception of the channel selector 414 which includes a diffraction grating. The diffraction 
grating is tuned by actuator 310 and rotary mount 312 to which the diffraction grating is 
coupled. Tuning is accomplished by varying the angle of incidence on the surface of the 
grating. The FSR of the grating is broader than that of the grid generator (FSRGrid_Gcn)5 which 
is itself broader than the free spectral range of the cavity (FSRcavity) (See FIG. 2B and FIGS. 
6A-F). In an embodiment of the invention the FSR of the grating corresponds with the fiill 
wavelength range of the selected wavelength grid, e.g., an ITU grid (See FIGS. 6A-F). 

12 
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FIG. 5 is a graph which shows the timing characteristic of the external cavity tunable 
laser discussed above. External cavity lasers for test and measurement applications typically 
are designed to have a loss minimum that varies continuously with respect to the tuning control 
variable, resulting in a linear tuning characteristic that provides complete, continuous 
wavelength coverage over a specified range. In contrast, the laser of the present invention is 
designed to have a distinctly discontinuous, discrete, staircase-tuning characteristic. 

The graph shows lasing wavelength versus the selected center wavelengths of the 
wavelength grid. In an embodiment of the invention, the optical pathlength of the cavity, 
including optical elements as well as the air or gas which fills the void between elements, is 
designed so that selected modes of the cavity align with the center frequency of the channels of 
the wavelength grid. The characteristic has a staircase shape which is highly desirable. Due to 
this shape, the position tolerance of the channel selector is greatly relaxed, so that the selector 
can be controlled in an open-loop manner using a lookup table. This provides the obvious 
benefit of making closed-loop feedback control unnecessary. The wavelengths of the 

longitudinal modes of the laser cavity are related to the cavity length by ^m*— where m 

2 

is an integer referred to as the mode number. Typically m > 10^. The laser may only oscillate 
at wavelengths which are longitudinal modes. The size of the mode-hops is approximately 

— — where Ac is the center of the tuning range. Therefore, if the cavity length remains 

constant as the filter/etalon peak is tuned, the laser output will change discontinuously, giving 
rise to a tuning characteristic known as mode-hop tuning (See FIG. 3 A). 

FIGS. 6A-C are graphs of the individual filter characteristics, i.e., pass bands for the 

laser cavity, the grid generator, and the channel selector with respect to a selected channel grid. 

Gain is shown on the y-axis and wavelength on the x-axis. FIGS. 6D-F are graphs showing the 

combined filter characteristics for the grid generator and channel selector with respect to a 

selected WDM grid and responsive to tuning of the ECDL. In FIGS. 6A-C the cavity pass 

bands 600, the grid generator pass bands 610, and the channel selector pass bands 620 are 

shown. Each has specific periodic relationships to the other. The periodic peaks, i.e. pass 

bands 600 of the cavity, periodically align with the center wavelengths of each of the channels 

in the wavelength grid. In the example shown, that grid extends over 64 channels periodically 

spaced apart at 0,5 nm or 62 GHz intervals, between the shortest wavelength channel 1532nm 

to the longest wavelength channel 1563.5 nm. The periodic peaks, i.e. pass bands 61 0 of the 

grid generator, periodically align with each center wavelength of each channel in the selected 

13 



wo 00/49689 PCT/USOO/04196 
wavelength grid. There is one periodic peak of the channel selector, i.e. pass bands 620 within 
the bandwidth of the wavelength grid. 

These relationships are expressed in the following Equation 1 A-B. 

Equation I A 

FSRoridGen ^ / • FSRca^,y 

Equation IB 

FSRchanStI >^M • FSRCridGen 



where i is an integer indicating the number of laser modes between gridlines and M is 
the total number of channels within the selected wavelength grid. 

Equation II expresses the FSR of the grid generator as a function of the optical 
pathlength of the grid generator and the spacing between channels in the wavelength grid: 

Equation II 

(1) c 

FSRoridorn = — Chonml Spacing 

\2Jng^Lg 

where c is the speed of light in a vacuum, ng is the refractive index of the grid generator 
and Lg is the length along the optical path of the grid generator. For the grid generator 
assuming an index of refraction of 1 ,0 and a channel spacing of .5nm or approximately 62 GHz 
the thickness would be approximately equal to 2mm. 

Equation III expresses the FSR of the channel selector as a function of the optical 
pathlength of the channel selector and the bandwidth of the wavelength grid: 



Equation III 



FSRchiwst} ~ 



2 J «j • L, 



>« M • FSRCriiiGen 



where rxs is the refractive index of the channel selector and Ls is the length along the 
optical path of the channel selector. For the channel selector assuming an index of refraction 
of 1 .0 and a channel spacing of .5nm or approximately 62 GHz the thickness would be greater 
than or approximately equal to 2imi. 

14 
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The broad second pass bands of the channel selector reduce the sensitivity of the ECL 
to tuning variations of the channel selector about the selected channel. Whether tuning of the 
channel selector is accomplished mechanically, electrically, etc. , the required precision of the 
tuning is reduced as a result of the broad second pass bands of the channel selector. This 
allows the channel selector to be operated with an open loop system. 

Equation IV expresses the FSR of the overall cavity as a function of channel spacing: 
Equation IV 

1 ^ c Channel Spacing 



FSRc 



2 J^wLi 



where i is an integer series corresponding to each element, lens, gain medium, etalons, 
10 gratings, etc. and including air/gas within the combined internal and external cavities and n; is 
the refractive index of the ith element in the cavities and Li is the length along the optical path 
of the ith element in the cavity. For the cavity assuming an index of refraction of 1 .0 and mode 
spacing of 1/5 the channel spacing or .Inm or approximately 12.4 GHz the length would be 
approximately 10mm. 

15 When the grid generator and channel selector are optically coupled in an optical cavity 

of an ECDL to provide feedback to the gain medium, the following relationship is attained. 
The grid generator selects periodic longitudinal modes of the cavity at intervals corresponding 
to the channel spacing and rejects neighboring modes. The channel selector selects a channel 
within the wavelength grid and rejects other channels. 

20 The finesse of each filter determines the attenuation of its nearest neighboring modes or 

channels. Finesse is the ratio of the separation of adjacent maxima to the half- width of the 
peak. The width 650 of the grid generator peak at half maximum is shown in FIG. 6B. The 
width 652 of the channel selector peak at half maximum intensity is shown in FIG. 6C. The 
half width y is a measure of the sharpness of the peaks, that is, how rapidly the irradiance drops 

25 off on either side of a local maximum is given by the half- width. 

3- — 

r 



The positioning of both the grid generator and channel selector within the oscillator, i.e. 

the ECL cavity, further improves the effective finesse exhibited by the system, due in part to 

15 
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the side mode suppression of the gain medium. To further improve the finesse of the ECL the 
reflectivity of either or both the grid generator and the channel selector may be increased. 

FIGS. 6D-F show graphically the tuning of the channel selector bandpass between a 
channel centered at 1549.5 nm and an adjacent channel at 1550 nm. The selection of a mode, 
i.e., channel, generated by the grid generator and the attenuation of adjacent modes/channels is 
also shown. The lasing mode, i.e., selected channel, is stationary at one particular channel for 
filter offsets in the range of approximately +/- one half channel spacing. For larger channel 
offsets, the lasing mode jumps to the next adjacent channel. 

The foregoing descripfion of a preferred embodiment of the invention has been 
presented for purposes of illustration and description. It is not intended to be exhaustive or to 
limit the invention to the precise forms disclosed. Obviously many modifications and 
variations will be apparent to practitioners skilled in this art. It is intended that the scope of the 
invention be defined by the following claims and their equivalents. 
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What is claimed is: 
CLAIMS 

1 . A tunable external cavity laser tunable to each selected center wavelength of a plurality 
5 of channels each centered on a corresponding gridline of a selected wavelength grid; and the 

tunable external cavity laser comprising: 

a gain medium to emit a beam; 

a grid generator in an optical path of the beam, and the grid generator of a first 
selected optical path length determinative of a first free spectral range substantially 
10 corresponding to a spacing between adjacent gridlines of the selected wavelength grid; 

and 

a channel selector in the optical path of the beam and the channel selector with a 
second free spectral range broader than the first free spectral range and a selected order 
of the channel selector tunable within the selected wavelength grid to tune the beam to 
15 a selected one of the plurality of channels of the wavelength grid. 

2. The tunable external cavity laser of Claim 1, wherein the second free spectral range of 
said channel selector at least substantially corresponds to the spacing between a longest 
wavelength channel and a shortest wavelength channel in the selected wavelength grid, 

3. The tunable external cavity laser of Claim 1, with the selected order substantially 

20 centered between the shortest wavelength channel and the longest wavelength channel of the 
selected wavelength grid. 

4. The tunable external cavity laser of Claim 1 , wherein the gain medium further 
comprises a laser diode. 

5. The tunable external cavity laser of Claim 1 , wherein the grid generator further 
25 comprises at least one of a Fabry-Perot filter and an interference element. 

6. The tunable external cavity laser of Claim 1, wherein the grid generator 
further comprises an etalon. 

7. The tunable external cavity laser of Claim 1 , wherein the grid generator further 
comprises: 

30 an Etalon; and 

17 
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a thermal controller to control a temperature of said Etalon to maintain the first 
selected optical path length. 

8. The tunable external cavity laser of Claim 1 , wherein the channel selector further 
comprises at least one of: a diffraction element, an interference element, and a birefringent 
element. 

9. The tunable external cavity laser of Claim 8, wherein the channel selector further 
comprises: 

a mechanical actuator to tune the at least one of a diffraction element, an 
interference element, and a birefringent element. 

1 0. The tunable external cavity laser of Claim 1 , wherein the channel selector further 
comprises: 

an interference element of a tunable optical path length to tune the beam. 

1 1 . The tunable external cavity laser of Claim 1 0, flirther comprising at least one of a 
mechanical tuner and an electro-optical tuner for tuning the tunable optical path length. 

12. The tunable external cavity laser of Claim 10, wherein the interference element 
includes a selected length and a tunable index of refraction. 

1 3. The tunable external cavity laser of Claim 10, wherein the interference element 
includes a tunable length and a selected index of refraction. 

14. The tunable external cavity laser of Claim 10, wherein the interference element 
comprises: 

an air gap etalon tunable by means of tuning a pressure of a gas within the gap 
to vary the index of refraction. 

15. The tunable external cavity laser of Claim 1 0, wherein the interference element 
comprises: 

an etalon electrically tunable in response to an applied electric field to vary the 
optical pathlength. 

1 6. The tunable external cavity laser of Claim 1 5, wherein the etalon further comprises: 

a liquid crystal element with a tunable index of refraction responsive to the 
applied electric field. 

1 7. The tunable external cavity laser of Claim 1 5, wherein the etalon further comprises: 

18 
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a semiconductor element with a tunable index of refraction responsive to the 
applied electric field. 

1 8. The tunable external cavity laser of Claim 8, wherein the birefringent element includes 
at least one of: a Pockels cell and a Kerr cell. 

1 9. The tunable external cavity laser of Claim 1 0, wherein the interference element 
comprises: 

a wedge-shaped etalon. 

20. The tunable external cavity laser of Claim 10, wherein the interference element 
comprises at least one of a wedge-shaped solid etalon and a wedge-shaped air gap etalon. 

21 . The tunable external cavity laser of Claim 19, wherein the wedge-shaped etalon further 
comprises: 

an actuator for translating said wedge-shaped etalon across the optical path of 
the beam. 

22. The tunable external cavity laser of Claim 1, wherein the channel selector further 
comprises: 

a diffraction grating with a free spectral range substantially corresponding to the 
spacing between a longest wavelength channel and the shortest wavelength charmel; 
and 

an actuator for varying an angle of said grating with respect to the optical path 
of the beam to tune the beam to a selected one of the plurality of channels of the 
wavelength grid. 

23. The tunable external cavity laser of Claim 1, where an optical path length of a laser 
cavity including said gain medium, said grid generator, and said channel selector corresponds 
to an integer fraction of the channel spacing. 

24. The tunable external cavity laser of Claim 1, further comprising: 

a logic to tune the channel selector to the selected one of the plurality of 
channels of the wavelength grid. 

25. A tunable external cavity laser tunable to each selected center wavelength of a plurality 
of channels each centered on a corresponding gridline of a selected wavelength grid; and the 
tunable external cavity laser comprising: 

19 
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a gain medium to emit a beam; 

a first filter in an optical path of the beam, and the first filter exhibiting first 
pass bands substantially corresponding with the plurality of channels of the selected 
wavelength grid; and 

a tunable filter in the optical path of the beam and the tunable filter exhibiting 
second pass bands broader than the first pass bands, and a selected order of the tunable 
filter tunable within the selected wavelength grid to tune the beam to a selected one of 
the plurality of channels of the wavelength grid. 

26. The tunable external cavity laser of Claim 25, wherein the second pass bands of said 
tunable filter substantially corresponds to the spacing between a longest wavelength channel 
and a shortest wavelength channel in the selected wavelength grid. 

27. The tunable external cavity laser of Claim 25, with the selected order substantially 
centered between the shortest wavelength channel and the longest wavelength channel of the 
selected wavelength grid. 

28. A method for tuning a beam emitted by gain medium to a corresponding center 
wavelength for each of a plurality of channels of a selected wavelength grid, and the method 
for tuning comprising the acts of: 

filtering the beam to provide feedback to the gain medium of a first periodic set 
of wavelengths substantially corresponding with the center wavelengths for each of the 
plurality of channels; and 

tuning the beam to provide feedback to the gain medium of a selected one of the 
center wavelengths of the first periodic set of wavelengths to tune the beam to the 
selected one of the plurality of channels. 

29. The method of Claim 28, wherein the filtering act further comprises the act of: 

generating a first interference within the beam with a periodicity substantially 
corresponding to the center wavelengths of each of the plurality of channels. 

30. The method of claim 28, wherein the tuning act further comprises the acts of: 

generating a second interference within the beam with a periodicity 
substantially corresponding to the spacing between a longest wavelength channel and a 
shortest wavelength channel in the selected wavelength grid; and 
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varying a selected order of the second interference between said shortest 
wavelength channel and said longest wavelength channel to tune the beam to a 
selected one of the plurality of channels. 
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